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Abstract 
From standpoint of design, the vertical axis wind turbines VAWT are less complex. But, their efficiency still relatively weak 
compared to horizontal axis turbines. The competitiveness of these systems will depend on their level of performance, which in 
turn, is directly tributary to the fluid flow manner through the turbine. However, the dynamic stall and the generated vortices by 
the blades, compromise highly the optimum harvesting of the power. In order to mastering and controlling the emergence of 
these vortices and these wakes, the present work proposes a dynamic control device which consists in the association to each 
turbine blade, a couple of flapping wings, in biplane configuration. It is presented first, the geometric definition of the proposed 
device and its kinematics. Secondly, the adopted approach in the handling of the problem that emphasizes the computing 
technique and the meshing strategy. It is found that the proposed model allows; first, an excellent reattachment of the boundary 
layer and great attenuation of the vortices magnitude around the blades, and secondly, a remarkable reduction of the generated 
wakes, then avoiding the interaction of the disturbed flow by different turbine blades. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Conference Program Chairs. 
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1. Introduction 
The oldest renewable energies, which man started to exploit are; wind and hydro. Since a long time, he tried to 
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harness energy from those sources for many purposes like; pumping water, grinding seeds, weights lifting, entailing 
ships. The extraction of useful and usable energy from these sources requires the design and the use of specific and 
appropriate devices, which represents a challenge that is not always easy to overcome.  To meet this requirement, 
many windmill prototypes have been designed, and have evolved with the technology development.  Among the 
turbines types, the vertical axis wind turbines VAWT. From standpoint of design they are simple, and their 
installation is easier. However, their efficiency stills relatively weak compared to horizontal axis turbines. This is 
what opens up large fields of research to make improvements and to develop new control methods to bring closer 
their efficiency nearly to the one of the horizontal axis wind turbines.  
 
Nomenclature 
 
C  
CL  
Cm 
CP 
D 
L 
M 
Pr 
 
 
Blade chord (m)    
Lift coefficient    
Moment coefficient   
Power coefficient    
Turbine diameter (m)   
Lift force (N)    
Moment (N m)    
Pressure (Pa)   . 
 
 
R 
U. 
a0 
λ 
θ 
μ 
Zi 
ρ 
 
 
Turbine radius (m)   
Incoming flow velocity (m/s)  
Oscillating amplitude (m)   
Tip speed ratio of the turbine  
Turbine azimuthal angle (deg)  
dynamic viscosity   
Number of periods   
Air density 
 
From the standpoint of fluid behavior, dynamic stall is responsible, not only in efficiency dropping, but also 
responsible in structural vibrations and acoustic noises. Stall occurs in wind turbine, when blade rotates at large 
angle of attack. To overcome this problem, flow control techniques have been developed which can be a passive 
control or an active control. Among the most recent methods, very judicious, did catch the interest of researchers 
only recently. It is the idea of bio-inspired models. So, the inspiration source is the nature. Thus, several researchers 
tried to improve the performance of mechanical device, through imitation the ability of aero/aquatic animals to adapt 
and maneuver even in hard situations1-5. Question raised is therefore, how to ccontrol the flow through the turbine 
by using biomimetic science? 
Gopalkrishnan et al.6 used a flapping wing to control the flow in the backward of fixed cylinder at Reynolds 
numbers of 500 and 20000. The profile is placed at a proper distance so no interaction with the cylinder vortex was 
registered. The profile performs a heaving and pitching oscillation at a frequency close to Strouhal frequency of the 
cylinder. They found three basic interaction modes, and under certain optimal flap geometry and flow conditions, 
these interactions can yield to a reverse Karman Street. K. Jones7 has described in deep the effect of flapping wings 
on the boundary layer separation. He has used a small oscillating wing near the laminar boundary layer of a flat plat, 
the wing generates a significant increasing jet flow. In order to confirm the detachment of the boundary layer, he 
attached a small oscillating foil to the trailing edge of a cusped stationary airfoil. Results show that the separation 
zone becomes smaller when the attached profile starts its flapping movement. And under specific conditions the 
separation zone disappears completely.  Lai et al.8 Carried out an experimental study, they used small flapping-wing 
in plunging motion to control separated shear layer in two-dimensional backward. They demonstrated that the 
control is more effective in the separated zone when the foil is placed close to the wall compared to the one placed 
outside. About 70% reattachment length reduction was recorded.  The deeper review of I. Gursul et al.9, confirms 
that small amplitudes of plunged airfoil sensibly reduce the spreads of the flow separation region. Xiao et al.10 have 
used an undulation NACA0012 foil to control the flow around D-section cylinder. A wise and properly placement of 
the foil in the cylinder wake, has allowed significantly reducing in the drag force.  
In the case of Vertical Axis Tide Turbine VATT Qing Xiao et al.11 investigate the effect of slotted foils to the main 
blade, they considered the oscillating and the fixed flap foils in the enhancement of VATT energy extraction 
efficiency. Their results showed that in the optimal case, an increase up to 28% in the power coefficient is obtained. 
A novel kinematics control technique of the associated blades, that is the pithing movement, is used to improve the 
VATT performance. By using this technique, Benedict et al.12 proved that the turbine eciency is strongly affected 
by the pitching amplitude of the associated blades; they found an important improvement in machine performance. 
A variable pitch angle of a Darrieus turbine has been used by B.K. Kirke et al.13 in order to achieve both high 
starting torque and high efficiency. 
In what has preceded, it can be noticed that the bio-inspired controlling techniques for the turbulent flow offers very 
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interesting tools. Indeed, works already did in this context show substantial gains in the efficiency. However, the 
first challenge in this approach is; in the design of a bio-inspired functional model, appropriately reflecting the 
imitation. The peculiarity of the present work lies in the consideration and the use of this approach on a VAWT. It 
comes, by associating to each blade, a couple of flapping wings in a biplane configuration. The idea starts from a 
previously did work, but on a micro air vehicle2 which hasn’t a rotation motion. This is the issue, and what this 
study wants to contribute in.  
2. Modelization steps 
Turbulence is an unstable phenomenon that makes it modelization delicate. In addition, the numerical resolution of 
its governing equations may toggle and becomes unstable. More, the VAWT experiences a complex and variable 
velocity field. In this context, the present gait involves the following steps: First, the definition of the velocity field, 
the force and the power coefficients of the VAWT are given. Second, the definition of the control device and its 
operation parameters is presented. Next comes, the selection of the suitable computation method of the turbulence. 
This step requires in addition to the adopted assumptions, the definition of different areas to consider in the 
resolution of the governing equations. Without this, the size of the problem becomes unmanageable, and problem 
resolution toggle necessarily to instability. 
2.1. Velocity field 
The power coefficient of the VAWT is strongly dependent on the tip speed ratio, defined as the ratio between the 
tangential speed of the blade and the undisturbed upstream wind speed: 
 
               (1) 
 
Laneville and Vittecoq14 defined a reduced frequency of a Darrieus turbine, derived from that of a helicopter 
blades for a mean zero incidence, as follows 
 
   

 

         (2) 
 
As stated by Mc-Croskey15 when the reduced frequencies excess 0.05, a strong dynamic stall is to be expected. 
However, for values less than 0.05, the flow is assumed to be quasi steady.
2.2. Power and forces parameters  
For an incoming wind of velocity U, the harvest power P by the turbine is given by:  
 
                (3) 
Where ω is the turbine angular velocity, Mi is the rotor moment. 
 
Then, the VAWT power coefficient Cp is determined by the ratio of the transformed wind power and the 
available wind power crossing the turbine. 
 
              (4) 
Where ρ is the fluid density, D is the turbine diameter.  
 
Furthermore, the blade moment coefficient Cm is defined by: 
 
              (5) 
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2.3. The Model configuration and its motion modeling 
The developed model consists of a three-bladed Darrieus VAWT, at each blade of NACA0021 profile, is 
associated a pair of after-positioned NACA0010 profile flapping wings Fig. 1. The stated flapping amplitude is set 
to 20% of the chord length, and the attributed flapping frequency parameter is 40, which correspond to 400 Hz. The 
turbine operates at a tip speed ratio equal to 2.2 and a constant wind speed of 9 m/s.  The main geometrical features 
of the considered rotor are summarized in Table 1.  
 
     
 
Fig 1: Disposition of the set of two flapping wings associated to 
the main blade of the turbine. 
Fig. 2: Illustration of the position axles of the two flapping foils in one 
revolution. 
Table 1 : Values of the geometrical features of the model 
Drotor[mm] 1030 
Hrotor[mm] 1 (2D simulation) 
Number of Principal blade (N) 3 
Number of Flapping wing (N0) 6 
Principal blade profile NACA0021 
Flapping wing blade profile NACA0010 
Principal blade corde C  [mm] 85.8 
Flapping wing corde C0 C/3 
Foil rotation axis from the training edge 0.25C 
Distance between neuter position of the flapping wing  1.5C 
 
The flapping wings are animated by both plunging and pitching movement. The plunging motion is governed by 
a simple law which is given by: 
 
             (6) 
 
Simultaneously with the symmetric plunging movement, the two wings pitch in out phase. Therefore, it is 
necessary to define a law, relative to the turbine axis, providing the synchronization of the plunging and the pitching 
motions of the flapping wings. The developed and proposed law is given by the equations system: 
 
          
          
  
        (7) 
  
Where: h(x) is the instantaneous position of the airfoil leading edge ‘ALE’ on the x axis, h(y) is the instantaneous 
position of ALE on the y axis, θ is the instantaneous angle between the foil cord and the x axis, a0 is the maximal 
amplitude of the plunging movement, R is the turbine radius (correspond to the middle circle in fig. 2), Zi=2πf  is 
the pulsation, t is the time comprising between 0 and 2π. The pitching axis of the flapping wings is situated at the 
distance c/4 from the leading edge of the profile.     
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2.4. Flow governing equations and Computational methodology  
The air flow behavior is governed by time-dependent Navier-Stokes equations NSE. The flow is assumed to be 
incompressible laminar. NSE include the mass conservation and the momentum variation, and are expressed by 
partial differential equations: 
 
  
       
         (9) 
 
Where ρ is the fluid density, v is the velocity vector, t is the time, F is the fluid body force, Pr is the pressure and 
μ is the dynamic viscosity. 
 
Many means can be used to resolve the NSE. Among those, is the Direct Numerical Simulation DNS which 
provides access to all physical information of the flow behavior. However, this method imposes the uses of a mesh 
grid smaller than the finest tourbillon in the flow, which requires a huge storage memory and high computational 
cost.  
Another resolution variant of the NSE is the Reynolds-Averaged Navier-Stokes method RANS, it allows a 
substantially reduction of the problem computing size, and by the same, it reduces the computational cost, RANS 
decomposes the system variables into two compounds; a statistically averaged quantity, and a fluctuating quantity. 
In the case of detached flows, the RANS provides a low prediction of turbulence characteristics, because the 
decomposition strategy fails due the high fluctuations.  
The Large Eddy Simulation LES approach is a third resolution variant, In which the large vortices are calculated 
with the Navier-Stokes filtered equation. Indeed, the small vortices scales are handled and modeled with a subgrid 
model (SGS Model). LES approach represents a compromise between the RANS approach that provides poor 
averaged results, and the more expensive DNS approach. With LES method allows to get more information on the 
unsteady behavior of the flow, with large reduction in computing needs. 
It should be noted that, the investigated device configuration is composed by a set of three main rotor blade at 
each one is associated two flapping-wings, the whole in rotation motion, this situation give rise to complex flow 
interactions. Despite the recommendation of its use for rotating bodies16, RANC may not be able to detect all flow 
characteristics for the proposed model. This fact makes LES-Wall model17 more suitable because it gives access to a 
finer physical scale. 
The Wall Adapting Local Eddy-Viscosity model adopted for this study is based on Smagorinsky approach, in 
which the time and the deformation are included in the same tensor. This new formulation allows to taking into 
account the turbulent areas where the vorticity is higher than the deformation ratio. It gives a good approximation at 
the subgrid-scale of the turbulent viscosity. Nicoud and Ducros17 estimate the subgrid-scale turbulent viscosity by 
the given equation: 
  

 

  
 
        

 
Where    is the strain rate tensor for the resolved scale, which is given by: 
 

 

  
  is the mixing length for subgrid-scales defined by:        
    are computed using:               
Where  is the Von Karman constant,  is the distance to the closest wall, 
= 0.325 is the WALE constant (giving satisfactory results for a wide range of flow). And V the mesh 
cell volume. 
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2.5. Computing and meshing zones of the model  
The numerical simulations are carried out using Ansys-Fluent 12.0.16.  The SIMPLE algorithm is chosen for the 
pressure-velocity coupling. LES model require a CFL parameter equal to 118. The bounded central difference is the 
default convection scheme in the processing of all transport equations. The adopted calculation strategy of the flow 
contemplates dividing of the calculation domain in four zones as illustrate in Fig. 3.a. The Zone 1 contains the 
blade-foils sets, and is animated by a rotation motion.  The zone 3 contains the flapping foils (Fig. 3.b) and is 
meshed with a triangular cell. Zone 3 is secured on the foil; this fact allows keeping the same undeformed fine mesh 
in the area surrounding the airfoil. The zone 3 slides inside the Zone 2. This sliding is performed through the 
layering technique Figs. 4 and 5, this technique was proposed by some authors19, 20. The entire (zone 1-3), slides in 
the zone 4 which is kept immobile. The final generated meshing contains 80342 nodes forming 70960 triangular 
cells. 
 
 
 
 
 
 
 
 
 
 
Fig 3: a: The different meshing zones and the boundary conditions of the proposed model, 
b: Zooming scale of the meshing around a blade and wings set . 
 
The equations governing the synchronized flapping motion are integrated in the User Defined Function (UDF) in 
order to govern the generation and the progress of the meshing in different zones. To assure a full development of 
the wake, the adopted farfield is 37 times the rotor diameters for the upwind, and 60 times the rotor diameters for the 
downwind, this choice matches with the one used in the work of Castelli et al.16.  
Two boundary conditions are used for the two sides of the model namely; 1/ A stationary wall boundary (no slip 
condition) for all solid boundaries.  2/ To ensure the continuity of the flow field between the boundaries of different 
domains, an interface condition has been imposed. An inlet velocity condition is imposed for the inflow boundaries, 
and an outlet pressure condition is imposed for the outflow boundaries. 
3. Result  
3.1. Model validation  
First of all, the used model and the computational technique have to be assessed. For this purpose, the mean 
power coefficient is calculated in terms of the tip speed ratio (λ). The values obtained of the proposed model are 
confronted to the values obtained experimentally by Castelli et al.16 as shown in Fig. 6. As it can be seen, a good 
concordance between the two curves is obtained. The mean power means its averaged value during three 
revolutions.  
Miao et al.21 and  Tancer et al.20 mentioned that a time-step equal to 0.002 times of the cord traveling time of the 
flapping-foil is well sufficient to pick up the main phenomena occurring in the boundary layer. However, no precise 
criterion is available to select this parameter either for the flapping wings or the fixed wings. In the present work, the 
adopted time-step is set equal to 0.0001 times the cord traveling time. The choice of this very small time step, 
compared to the ones used in previous studies20, 21, is adopted to ensure a maximum capturing of the occurring 
phenomena.  
Furthermore, the meshing size dependence test is carried out for several grids by increasing meshing density 
ranging from 5000 to 100,000 cells. The checking parameters are the moment coefficient for the main blade, and the 
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drag coefficient for the flapping wings Fig. 7. The test confirms that the mesh independence is achieved with a 
reasonable medium grid size containing about 80,000 cells; this grid is adopted for all following simulation cases. 
 

 
Fig .4. Illustration of the layering technique allowing the sliding of 
zone 3 in zone 2 (zone 3 is secured on the foil).     Fig .5 Technique of sliding mesh between zone2 and zone 3 
3.2. The effect of the proposed device on the turbine performance  
Fig. 8 illustrates the vorticity isocontours of the flow relative to several azimuthal positions for both cases; the 
original configuration and the controlled configuration. The mains results are: 
At the angle θ=0°; the isocontours of the vorticity show an attached flow in the main rotor blade for both cases, 
the stabilizer factor here is the viscosity. However, a net reduction of vorticity magnitude on the controlled blade is 
obtained, while counter-rotating vortices arise downstream of flapping-wings due to the clapping stroke. For the 
angles adjacent 70°, a highly visible vortex appears along the original blade, resulting in a detached flow from the 
trailing edge and grows while going towards the leading edge. By against for the controlled turbine, the two flapping 
wings generate a phenomenon of reverse Karman Street which appears in flow wake. For the angles adjacent 120° 
the situation is highly critical because the vortex is detached closely to the leading edge, and simultaneously, and at 
the trailing edge in counterclockwise, another swirl grows. The flapping wings prevent the development of large 
vortices by giving rise to small size vortices in their wake. For the angles range 90350 , the flapping 
motion of the backward wings insures efficiently the reattachment of the separated boundary layer of the main 
blade, relative to the original turbine. This attachment is the result; firstly to the readjustment of the pressure field, 
and secondly to suction and acceleration of the fluid flow by the flapping motion. 
In conclusion, it can be noticed: 
For the original configuration: 
In general, and for most azimuthal positions, thick areas of recirculation flow are installed along the blade. 
Furthermore, energetic vortices are quickly detached from the blades. This phenomenon generates extended wakes 
occupying an important space (Fig. 8). Mainly, the stall occurs closely to the leading edge and the generated wakes 
by previous blade interferes with the next one (Fig. 9), which compromise the turbine efficiency. Strong dynamic 
stalls are encountered mostly in the azimuthal angle range between 90° and 180°. 
For the controlled turbine: 
A substantial attenuation of the flow recirculation is obtained. The controlling device results in the breakdown 
and the fragmentation of the large energetic vortices, it produces instead smaller vortices. Moreover, as shown in Fig 
9, the controlling device reduces substantially the extended of the vortex tails in the downstream wake, then 
avoiding, the interference with the disturbed flow caused by the previous blades. None dynamic stall is encountered 
for all azimuthal positions. 
Conclusion  
The extraction of useful and usable power from the renewable energy sources requires the design and the use of 
specific and appropriate devices, which represents a real challenge that is not always easy to overcome.  This study 
falls within this issue. It deals with the efficiency improvement of vertical axis wind turbines VAWT. Indeed, the 
wind turbines are faced to dramatically efficiency drops due to the onset of vortices and wakes, which result in 
Moving b
oundary
adding c
ells
removing
cells
Motion d
irection
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dynamic stall phenomena. VAWT competitiveness will depend on their level of performance, therefore, will depend 
directly and in large part, on the air flow behavior passing through it. It is therefore imperative to master and control 
the boundary layer attachment and the magnitude and the extended of the generated vortices and wakes. The used 
means in this work is a bio-inspired or a biomimetic approaches. The proposed idea is an active control technique, 
which consists of the association to each turbine blade of the VAWT, a couple of flapping wings, in biplane 
configuration.  The main challenges in this process are; first, the geometric definition of the proposed control device 
as well as its kinematics. And second, the choice of a meshing strategy and a more suitable computing technique.  
The proposed model is tested and validated by its confrontation to an experimental study carried out by other 
researchers. The proposed model ensures an excellent boundary layer reattachment and an important attenuation in 
the magnitude of the generated vortices, and a rapid mitigation of the generated wakes, then avoiding, the 
interference with the disturbed flow caused by previous blades. 
 
 
Fig.6. Confrontation of the computed Cp and the 
experimental results from ref. [16] 
Fig. 7: Meshing zise dependence on the computing convergence: a: moment 
coefficient of the main rotor blade.  b: upper flapping foil drag coefficients  
 

Figure 8. Instantaneous Z-Vorticity contours and the generated wakes for different azimuthal positions (λ=2.2 , zi=40) 
 
 
Figure 9. The vortex tails extend in the downstream wake; in the right side without control, and in the left side with flapping wings. 
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